The seasonal variability of the amount of global solar radiation reaching the ground in urban and rural areas on the example of Warsaw and Belsk abstract the aim of this paper is to determine the contemporary differences in the inflow of global solar radiation in Warsaw (urban station) and Belsk (rural station). the meteorological data used comprised daily sums of global solar radiation (in mJ•m -2 ) and the duration of sunshine (in hours) for the period 2008 2014. On clear days in spring and summer, the rural area receives more solar radiation in comparison to the urban area, whereas in autumn a reverse relationship occurs. On cloudy days in all seasons, the rural area receives more solar radiation than the urban area, and the relationship is the strongest in winter. Differences between urban and rural areas on cloudy days are smaller than those observed on clear days.
Solar radiation is the key component in the earth's climate system and one of the most important variables in the surface's energy budget. thus, it is essential to know the amount of solar radiation reaching the ground in areas of various land usage and with various factors of local climate, especially urban and rural areas. Studies on this subject have been conducted by Alpert et al. (2005) , Alpert & Kishcha (2008) and Wang et al. (2014) , among others. meanwhile, studies on the amount of global solar radiation in urban and rural areas (on both cloudy and clear days) have been conducted by Peterson and Stoffel (1980) , Liepert (1997) , Qian et al. (2006) , and Robaa (2009) . Due to a lack of data and problems with its acquisition, there are only a few similar studies focusing on poland. Comparative studies of Warsaw and its surroundings have been carried out by Dziewulska-Łosiowa (1962) , Krawczyk (1968) , and Kozłowska- Szczęsna and Podogrocki (1995) . Over the following years, studies on changes in the amount of solar radiation in urban and rural areas were also conducted in other cities, including Cracow (Bokwa & Matuszyk 2007; Matuszko 2009) , puławy (Uscka-Kowalkowska 2008a), Łódź (Podstawczyńska 2007), toruń (Kejna et al. 2014a (Kejna et al. & 2014b , and complex studies of larger areas were performed in Wyżyna Śląsko-Krakowska (Caputa & Leśniok 2009 ) and pogórze Zachodniobeskidzkie (Matuszko & Struś 2007) . the latest studies focusing on Warsaw were carried out in 2003 (Błażejczyk & Baranowski 2003) . Both teams -Kozłowska-Szczęsna and podogrocki, and Błażejczyk and Baranowski -concluded that the inflow of global solar radiation in Warsaw was lower than the inflow in the surrounding rural area.
In the analysis conducted by Kozłowska-Szczęsna and Podogrocki (1995) , values of the solar radiation in the centre of Warsaw during the period were compared to the corresponding values from the rural stations in Belsk and Brwinów. the authors observed that the annual sums of global solar radiation in the city were about 8-10% lower than outside the city, which is a difference of ca. 300 mJ·m -2 . the biggest differences occurred in winter (monthly sums of global solar radiation in Warsaw were 15% to 20% lower than those in Belsk and Brwinów), while in summer they were 3% to 10% lower (Kozłowska-Szczęsna & Podogrocki 1995) . Błażejczyk and Baranowski (2003) compared the values of the global solar radiation in the centre of Warsaw to the values measured in Borowa góra, 35 kilometres north-east of Warsaw. Despite using values from only a couple of days in the period [2000] [2001] [2002] , the results of their study were convergent with the results of previous studies. they concluded that the sums of the global solar radiation in the centre of the city are considerably lower than those measured in Borowa góra, while the difference is bigger in winter (9-14%) than in summer (2-5%).
Because of the dynamic growth of urban spaces and the possibility of changes in urban climate factors, an analysis has been undertaken in order to verify the results of previous studies, using present-day actinometric data. the aim of this paper is to determine the contemporary differences in the inflow of global solar radiation (hereinafter, gSR, representing the allsky solar radiation reaching the earth's surface) in urban and rural areas. this study focuses on the differences in the inflow of solar radiation on clear days -days when the amount of gSR depends primarily on the atmosphere's transparency and not on other factors, such as cloud cover. Studies on differences in the inflow of solar radiation in urban and rural areas are of great importance, application-wise, as part of solar climate analysis. the calculation of quantitative changes in the inflow of solar radiation to the surface in areas differentiated by the stage of urban development allows the determination of whether the urban climate is significantly different to the rural climate, and whether the reduced atmospheric transparency in the city causes important changes in the structure of the surface radiative budget.
Materials and methods
this paper uses meteorological data for the period 2008-2014 from three measuring stations. the main data was acquired from the station at the Institute of geophysics at the university of Warsaw (referred to as IgF uW), located in Warsaw (table 1) , and from the station at the Institute of geophysics at the polish academy of Science (referred to as Belsk), located in Belsk Duży (table 1) , about 50 kilometres south of the centre of Warsaw (Fig. 1) . the IgF uW station represents the typical urban climate of a city centre, while the Belsk station is situated in a rural area, far away from any urban or industrial objects. Daily sums of gSR in mJ·m -2 were acquired from both stations; additionally, the duration of sunshine (in hours) was acquired from the Belsk station. Because the IgF uW station does not record sunshine duration, the sunshine duration data for Warsaw was acquired from the nearest available station, which is located at Warsaw Chopin airport, called Warszawa-Okęcie. the Warszawa-Okęcie station is situated around 5 kilometres south of the IgF uW station. this may raise the question of whether this data can properly reflect sunshine conditions at the IgF uW station, but research has shown that the number of clear days is almost the same at Warszawa-Okęcie and in the city centre (Kossowska-Cezak 1978) .
It should be noted that gSR data at both stations was collected using Kipp & Zonen pyranometers, which fully comply with the 'High quality' standard issued by the World meteorological Organization for meteorological instruments, according to ISO norm no. 9060:1990 (ISO 1990 . In Belsk, the Cm21 model with a directional error of <10 W·m -2 was used, while in Warsaw, the Cmp22 model with a directional error of <5 W·m -2 was used. Both sensors have an instability of < 0.5 %·yr -1 , so it can be concluded that, after their initial calibration, there was no significant change in their accuracy over the research period. Both pyranometers were installed on the rooftops with full hemispherical view (sky view factor = 1). Despite the high accuracy of both pyranometers, the authors are aware of the possible inaccuracies caused by the differences in gSR detected by both instruments. In particular, the authors are aware that up to 2% of the difference in the amount of gSR in Warsaw and Belsk might be caused by uncertainties of the Cm21 and Cmp22 sensors (see : Vuilleumier et al. 2014) . However, uncertainty error is always present in the results of any type of in situ measurement, including solar radiation measurement. It should also be noted that the sunshine duration in Belsk was recorded with a Campbell-Stokes recorder with a minimum sensitivity threshold of 279.2 Wm -2 (Kuczmarski 1990 ), while at Warszawa-Okęcie station an electronical recorder with a minimum sensitivity threshold of 120 Wm -2 (Maciążek 2004) was used. all data has been checked for incorrect and missing values.
Daily sums of the extra-terrestrial solar radiation and potential sunshine duration were also used in this study. appropriate values for Warsaw and Belsk were calculated using the formula described by Duffie and Beckmann (2013) . this method for calculating extra-terrestrial (potential) solar radiation was also used by Robaa (2009) and Kejna et al. (2014a) , and the results are convergent with the values determined by other methods (Owczarek 1993 (Owczarek , 1997 (Owczarek , 2002 Bzowska & Kossecka 1993) . On the basis of the measured values of the gSR and sunshine duration in Warsaw and Belsk, and the values of potential gSR and potential sunshine duration, the values of relative gSR and relative sunshine duration in percentages were calculated for both locations.
Because differences in the inflow of solar radiation between Warsaw and Belsk may be related to differences in cloud cover, two sets of data were chosen for further comparative analysis: clear days and cloudy days. Clear days were determined as days with a relative sunshine duration of 80% or above concurrently at both stations. maximum values of relative sunshine duration never reach 100%, and clear days (days without limitation to the inflow of solar radiation) are often described as days with a relative sunshine duration of at least 75% (Podstawczyńska 2007), or days with a mean daily cloud cover of less than 20% (Wu et al. 2012; Fu et al. 2015) . Cloudy days were determined as days with a relative sunshine duration of precisely 0% concurrently at both stations; only days with an actual 0% of relative sunshine duration were taken into account, excluding days when the zero value was caused by a lack of data (Podstawczyńska 2007; Matuszko 2009) . the number of clear and cloudy days in individual seasons is given in table 2. additionally, a comparative analysis was performed on the whole set of data for the period 2008-2014, including days that were neither clear nor cloudy, as a background for the results obtained in the mentioned data subsets. Differences were calculated between the sums of the gSR in Warsaw and Belsk, as well as differences between the sums of the relative solar radiation in Warsaw and Belsk, separately for clear days, cloudy days and all days in the period 2008-2014. the observed differences were analysed in individual seasons. the statistical significance of the differences at the significance level α=0.05 was tested with the mann-Whitney u-test. results all days in the period [2008] [2009] [2010] [2011] [2012] [2013] [2014] Over the whole seven-year period, the difference between annual sums of gSR in Warsaw and Belsk was below zero, which means that the urban station received a lower inflow of solar radiation than the rural station (table 3) . the difference ranged from 99.93 mJ·m -2 in 2014 to 153.19 mJ·m -2 in 2011. the mean annual difference reached 125.03·mJ·m -2 in favour of the rural station in Belsk. the mean annual difference calculated as a percentage of the value in Belsk (the station with higher values) reached 3.5%, while the greatest difference occurred in 2013 (4.5%) and the smallest in 2014 (2.6%). In Łódź, the mean difference between urban and rural sites is 4.6% (Podstawczyńska 1997), and in Cairo 3.5% (Robaa 2009) , in favour of the rural site. In (Fig. 2) and relative values (as a percentage of the value in Belsk, the station with the higher values) (Fig. 3) . On particular days there were occasional differences in favour of the station in Warsaw, coinciding with a greater duration of sunshine in the city. this can be explained by the difference in the cloud cover in Warsaw and Belsk -there is a more intense formation of convective clouds over Belsk than over Warsaw. this specific synoptic situation, with major differences in the daily sums of gSR favouring the urban station, occurred in only around 7% of cases. Nevertheless, the maximum values of those differences were much lower than the maximum values of differences in favour of the station in Belsk. Furthermore, filtering the values using a 31-day-long simple moving average clearly indicates that the amount of gSR in Belsk was always higher than in Warsaw. Furthermore, a correlation mentioned by Podstawczyńska (2007) was noticed: the differences between the absolute values of gSR at the two stations were greater in the warm half-year, while differences between relative values were greater in the cold half-year.
the mean monthly differences and maximum differences of the mean daily sums of gSR between the urban station in Warsaw and the rural station in Belsk were calculated (table 4) . the mean monthly differences in absolute values were smallest from October to December -when they did not exceed 0.2 mJ·m -2 -and greatest from June to July (surpassing 0.55 mJ·m -2 ). the mean annual difference in absolute values reached 0.37 mJ·m -2 . the greatest mean daily difference occurred in april (15.32 mJ·m -2 ). the mean monthly differences in relative values (calculated as a percentage of the value in Belsk -the station with the higher values) were greatest in winter. From December to February they exceeded 8%, while the maximum value of the mean daily difference occurred in January (12.0%). In spring and summer the monthly mean differences were smaller than 4%. the mean annual difference in relative values reached 5%, but the greatest mean daily difference -25.9% -occurred in January. (Fig. 4) . In every season (hereinafter, XII-II stands for winter, III-V for spring, VI-VIII for summer and IX-XI for autumn) the median had a negative value, which suggests an increased inflow of solar radiation in Belsk in comparison to Warsaw. meanwhile, in every season (excluding winter), the absolute value of the negative deviation was greater than the absolute value of the positive deviation.
equations of the simple linear regressions for the relationships between the daily sums of gSR in Warsaw and Belsk in each season were determined on the basis of scatter plots (Fig. 5) . In all regression equations the slope coefficient is smaller than one, at a significance level determined by the p-value which is, in this case, smaller than 0.0001. However, the 95% regression coefficient confidence interval ranged from below 0.9 to above 1.0, meaning that the value of the regression coefficient is not statistically different from 1. meanwhile, the coefficient of determination r 2 of the regression equation exceeds 0.90 for spring, summer and autumn, and 0.89 for winter, which means that, in the period 2008-2014, around 90% of the variance of gSR in Warsaw was explained by variation of gSR in Belsk. (Fig. 6) . the mean annual value of relative solar radiation reached 40.1% in Warsaw and 41.5% in Belsk (table 5) . Similar values for the mean annual relative solar radiation in toruń and its surroundings were calculated by Kejna et al. (2014b) : 44.8% for the rural station and 40.7% for the urban station. the difference between the values of relative solar radiation in Warsaw and Belsk was negative for the majority of the year, which confirmed the presumption that rural areas are privileged in terms of the inflow of solar radiation in comparison to urban areas. a slightly positive difference occurred in September only (0.2 of a percentage point), whereas the greatest negative differences occurred in January and December (-2.8 and -2.3 percentage points, respectively). these were also the only statistically significant differences.
Clear days
During the period 2008-2014, 139 days were classified as clear at both stations concurrently, but only 135 days were taken for further analysis (4 winter days were rejected). Due to the relatively small number of clear days in the given time period, it was impossible to determine the differences in the inflow of solar radiation on a long-term (annual) or monthly basis, but statistical analysis was conducted of the mean differences in individual seasons (Fig. 7) . In spring and summer, negative values occurred more often, which suggests that in these seasons the rural station was privileged in terms of solar radiation; the median reached -0.34 mJ·m -2 in spring and -0.56 mJ·m -2 in summer. During clear days, the absolute values of negative deviations were greater than the absolute values of positive deviationsa similar situation to the one previously described for the set of all days. autumn was a particularly distinctive season, during which a small positive difference occurred, meaning Warsaw received a similar inflow of solar radiation to Belsk. the values from autumn had a smaller scatter and their median reached 0.03 mJ·m -2 . this can be explained by the change of air humidity in urban and rural areas in this particular season (the decrease in the amount of water vapour in the air over the city compared to the air over the rural area). Certain authors have mentioned the seasonal differences in humidity between the city and its surroundings, and their influence on the atmospheric turbidity (Lee 1991; Kuttler et al. 2007; Dudek et al. 2010) . Furthermore, in autumn there may be a noticeable increase in air dustiness over rural areas. an analysis of the situation in winter was not conducted, since only 4 concurrent clear days occurred in Warsaw and Belsk over the whole period of 2008-2014. equations of the simple linear regressions for relationships between the values of gSR in Warsaw and Belsk during clear days in each season were determined and the scatter plots were computed (Fig. 8) . equations of the simple linear regression for spring and summer had slope coefficients smaller than one, with coefficients of determination r 2 equal to 0.93 and 0.90, respectively, which means that around 93% (in spring) or 90% (in summer) of the variance of gSR in Warsaw was explained by variation of gSR in Belsk. It should be noted, however, that the 95% regression coefficient confidence interval ranged (for spring and summer) from below 0.9 to above 1.0, meaning that the value of the regression coefficient is not statistically different from 1. In autumn the urban station is privileged in terms of solar radiation (the slope coefficient reaches 1.05 with a coefficient of determination equal to 0.998), which confirms the previous results shown in Fig. 7 , although it should be emphasized that there were only a few clear days in autumn. all regression equations are statistically significant at a significance level smaller than 0.0001. the smallest mean relative solar radiation in Warsaw occurred in summer, the greatest in spring and autumn (table 6). In spring, the altitude of the Sun above the horizon is large and comparable to summer, while the transparency of the atmosphere is higher than in summer because of the lower amount of aerosols and water vapour in the air (Uscka-Kowalkowska 2008b) . Olecki (1975 Olecki ( , 1992 and Uscka-Kowalkowska (2008a) determined a coefficient of atmospheric transmitivity for other polish cities, indicating that the lowest transmitivity occurs in summer and the highest in autumn and winter. Similar results have been obtained in Hong Kong (Li & Lam 2002) , Cairo (Robaa 2009 ) and Sao paulo (Dos Santos & Escobedo 2016) . the relationships observed in Belsk were slightly different, because the relative solar radiation in the rural area was slightly higher in summer and smaller in autumn (table 6). Due to different thermal characteristics and the roughness of the land surface in the city (compared to the rural conditions), as well as increased air pollution, an increased turbidity and positive lower atmosphere buoyancy can be observed (Shuzhen et al. 1991; El-Wakil et al. 2001) . Changes in the atmospheric turbidity influence the results of the measurements, because pyranometers are located below the planetary boundary layer -that is, within the most polluted layer of the atmosphere. there are also other factors that can influence the results of gSR measurements, such as the inflow of various air masses with different thermodynamic characteristics or local air pollution emissions. the authors are aware of the complexity of the relationships between the inflow of solar radiation and various elements of the climate system on the local scale and the mesoscale. However, due to limitations in the availability of data, it was not possible to explicitly determine all functional relationships that lead to changes in the amount of gSR in various weather conditions.
Cloudy days
In the period 2008-2014, 411 days were classified as cloudy at both stations concurrently. In all seasons, the median of the set of differences between the gSR in Warsaw and Belsk was below zero, which suggests that the rural station in Belsk was privileged in terms of solar radiation (Fig. 9) . the absolute values of negative deviations in winter, summer and autumn were greater than the absolute values of positive deviations, while the relationship was reversed in spring.
equations of the simple linear regressions for relationships between the daily sums of gSR in Warsaw and Belsk on cloudy days in each season were determined and scatter plots were computed (Fig. 10) . In all cases, the slope coefficients of the equations of the simple linear regressions were considerably smaller than one, which indicates that Belsk was privileged in terms of solar radiation in comparison to Warsaw. the strongest statistically significant relationship occurred in winter (slope coefficient equal to 0.67 with coefficient of determination equal to 0.77), the weakest in spring (slope coefficient equal to 0.78 with coefficient of determination equal to 0.53). the relationship in summer, despite having an extraordinary small slope coefficient value, is not statistically significant at the significance level α=0.05. all other regression equations are statistically significant at the significance level determined by the p-value -in this case, smaller than 0.0001.
During cloudy days, the inflow of solar radiation is of course smaller than during clear days, but, similarly to clear days, a major decrease in the inflow of solar radiation occurs in summer, both in Belsk and Warsaw (table 7) . On average, during cloudy days, only 14.1% of the extra-terrestrial radiation reaches the earth's surface in Warsaw, while in Belsk it is slightly more -16.7%. the lower value in Warsaw was caused in particular by the deficiency of gSR observed in urban conditions in winter (-3.9 percentage points), due to the synergetic effect of the atmospheric extinction caused by low-etage stratiform clouds and the increased Figure 8 . Relationships between the daily sums of GSR It should be noted, however, that this analysis was conducted on the basis of days classified as cloudy at both stations concurrently, while the turbidity of the atmosphere contributes to an increase in the amount of condensation nuclei and, consequently, to an increase in cloudiness and the number of days with total cloud cover in big cities (Romanov 1999) . unfortunately, due to the differences in the minimum sensitivity threshold of the sunshine duration recorders used at Belsk and Warszawa-Okęcie, it is not possible to unequivocally determine such a relationship on the basis of the available data.
conclusions the results of the study confirm the regularities described by other researchers (see: Kozłowska-Szczęsna & Podogrocki 1995; Błażejczyk & Baranowski 2003) , according to which the inflow of solar radiation in the urban area is smaller than the inflow of solar radiation in the rural area. the 3.5% surplus of gSR in the rural area is similar to the value of 4.6% in Łódź (Podstawczyńska 2007) and smaller than 7% in Cracow (Bokwa & Matuszyk 2007) . Based on the set of all days in the period 2008-2014, the increase in the absolute values of differences between the stations in the warm half-year was confirmed, as was the increase in the relative values of differences in the cold half-year. the computed values of relative solar radiation and its differences between Warsaw and Belsk are similar to the values calculated for other polish cities (Kejna et al. 2014b) . When only clear days are taken into account, the following can be stated: in spring and summer, the rural area is privileged in terms of solar radiation in comparison to the urban Figure 9 . area, whereas in autumn, the reverse relationship occurs and the urban area receives slightly more solar radiation than the rural area. It can be concluded that, during cloudy days in all seasons, the rural area receives more solar radiation than the urban area, with this relationship being strongest in winter. the differences between the urban and rural areas on cloudy days are smaller than those observed for clear days. It is important to point out, however, that the differences between urban and rural conditions as a whole are small, and in many cases not statistically significant. In order to get a better understanding of the reasons for variations in the inflow of solar radiation in urban sites and rural background areas, it is necessary to extend the series of observations. With a data sequence that is long enough and of a proper quality, one can try to determine the quantitative relationships between the amount of gSR reaching the surface and the values of other meteorological parameters like air temperature, humidity and visibility.
